1 5 5
Primers has been modified from the normal primers set (PvdhfrS _For, PvdhfrS_Rev) 1 5 6 previously described by Auliff et al. (2006) and Brega et al. (2004) . Adapters were added to 1 5 7 each primer to allow the successive annealing and N is the number of random nucleotides 1 5 8
included between the primers and adopter sequence ( Supplementary Table S1 ). template. The barcoded forward (N501 to N508) and reverse (N701 to N712) primers (10 uM 1 7 5 each) were obtained from Illumina MiSeq protocols ( Supplementary Table S2 ). The 1 7 6
thermocycling conditions of the PCR were 98 o C for 45 seconds, followed by 7 cycles of 98 o C 1 7 7
for 20 seconds, 63 o C for 20 seconds, and 72 o C for 2 minutes. PCR products were purified with 1 7 8
AMPure XP Magnetic Beads (1X) according to the protocols described by Beckman coulter, 1 7 9
Inc. The pool library was checked with a KAPA qPCR library quantification kit (KAPA A 468bp fragment of the P. vivax dihydrofolate reductase locus was amplified from 38 2 5 0 populations across the Punjab province of Pakistan (Table 1 ). The relative resistance allele 2 5 1 frequencies of five mutations [F57L/I (TTA/ATA), S58R (AGA), T61M (ATG), S117N/T 2 5 2 (AAC/ACC) and I173L/F (CTT/TTT)] were determined by deep amplicon sequencing. The 2 5 3 data set that was generated comprised mostly of three resistance associated SNPs [S58R 2 5 4 (AGA), S117N (AAC) and I173L (CTT)] ( Table 1 ). The double mutations of S58R (AGA) 2 5 5 and S117N (AAC) were identified in ten populations at frequencies between 2.1 and 100%.
5 6
The S117N (AAC) SNP was identified in eight populations at frequencies between 0.03 and 2 5 7 99.8%. The I173L (CTT) SNP was detected in two populations at frequencies between 3.8-2 5 8
100% (Table 1) . The pyrimethamine resistance associated SNP S58R (AGA) was present in The split and network trees were produced to examine the phylogenetic relationship 2 9 8 between forty-two dihydrofolate reductase haplotypes. The resistance haplotypes were 2 9 9
distributed across the trees consistent with the emergence of resistance from different 3 0 0 susceptible ancestral backgrounds ( Fig. 3 and 4) . When analysing the individual resistance 3 0 1 mutations, the split tree of the S58R (AGA)/S117N (AAC) mutation reveals that twenty-one 3 0 2 haplotypes (HR1, HR39, HR32, HR33, HR26, HR40, HR41, HR42, HR28, HR37, HR9, 3 0 3 HR15, HR34, HR31, HR13, HR24, HR30, HR6, HR38, HR27, HR25) were located in a single 3 0 4 distinct clade II ( Fig. 3) , indicating a single origin for this mutation ( Supplementary Fig. S1 ).
0 5
Susceptible haplotypes were not share with resistance haplotypes in clade II but arose 3 0 6 separately in the closest clade III (Fig. 3 ). The network tree analysis showed that the 21 3 0 7 resistant haplotypes were present in eleven different populations collected from five major 3 0 8
cities of Lahore, Sheikhupura, D.G. Khan, Layyah and R.Y. Khan (Fig. 4 ). Only one haplotype 3 0 9
(HR5) was present at a high frequency in all 11 different populations from the five cites,
showing its spread between the cities (Fig. 4 ).
1 1
For the S117N (AAC) mutation, the split tree analysis showed 8 resistant haplotypes (HR1, 3 1 2 HR7, HR18, HR4, HR35, HR19, HR23, HR14) located in single clade I (Fig. 3) , again 3 1 3
indicating a single origin of this mutation ( Supplementary Fig. S1 ). Each of these resistance 3 1 4
haplotypes was closely related to one or more susceptible haplotypes. The network tree 3 1 5
analysis showed that the 8 resistance associated haplotypes were present in 9 different 3 1 6 populations collected from six major cities of Gujranwala, Lahore, Faisalabad, D.G. Khan, 3 1 7
Sheikhupura and Layyah (Fig. 4 ). Three haplotypes (HR1, HR7, HR18) were present at a high 3 1 8 frequency in the data set from all 8 different populations samples from six cites. The HR1 3 1 9
resistance haplotype was present only in a single population (DHFR14) collected from 3 2 0
Gujranwala city, indicating that this mutation has not spread to any other city. The HR7 and 3 2 1
HR18 haplotypes were present in three and six different populations respectively, sampled 3 2 2 from the five cites excluding Gujranwala (Fig. 4) , indicating the spread of this mutations 3 2 3 between these cities (Fig. 4) . The overall phylogenetic relationship supports the view that S58R 3 2 4 (AGA)/S117N (AAC) and S117N (AAC) mutations arose at multiple times from a single 3 2 5
origin and spread to the multiple different locations in the Punjab province of Pakistan through 3 2 6
the flow of drug resistance alleles.
1 1 was more closely related to one or more susceptible haplotypes and represented in two 3 3 0 populations (DHFR28, DHFR39) from the city of Lahore (Fig. 4) . The data showed that HR12 3 3 1 haplotype was present at a high frequency in both populations (Fig. 4 ). In conclusion, I173L 3 3 2 (CTT) mutation was present on a single haplotype and the phylogenetic relationship suggests 3 3 3
that it arose rarely and has not spread to different cities. , 2012; Ranjitkar et al., 2011; Schunk et al., 2006) . Previous studies in Pakistan have shown 3 5 7
that the S58R (AGA)/S117N (AAC) double mutation and S117N (AAC) single mutation 3 5 8
conferring pyrimethamine resistance were present in different cities of the Punjab, Sindh and 3 5 9
KPK provinces (Khattak et al., 2013; Zakeri et al., 2011) . In the present study, the S58R 3 6 0 (AGA)/ S117N (AAC) double mutation was also present in 10/38 populations. The single predominance of hard sweeps (Fig.1) . A single resistance haplotype at high frequency was 3 9 7 detected in the DHFR28 population and 2 to 3 resistance haplotypes were present in eight 3 9 8 populations (DHFR55, DHFR128, DHFR118, DHFR102, DHFR14, DHFR39, DHFR33, 3 9 9
DHFR26), only one of these predominating at high frequency (Fig. 1) . The selective sweeps on 4 0 0 these nine individual populations were effectively hard with no evidence of the genetic 4 0 1 footprint of selection. In contrast, there were 4 to 8 resistance haplotypes at high frequency in 4 0 2 five populations (DHFR112, DHFR121, DHFR45, DHFR93, DHFR17) (Fig. 1) . The selective 4 0 3 sweep on these five individual populations was effectively soft and a genetic footprint of 4 0 4 selection was also detected by significant departures from neutrality test (Table 1) .
0 5
It is much easier to identify the emergence of resistance mutations with a single haplotype at 4 0 6 high frequency, characteristic of a hard selective sweeps. Our results are consistent with the 4 0 7
hypothesis that a single mutation with high frequency emerged in nine populations (Fig. 1) . It 4 0 8
can be more difficult to demonstrate the emergence of resistance mutations with multiple 4 0 9
haplotypes at high frequency due to recurrent mutations after the onset of selection or pre- different resistance haplotypes (Fig. 1) , providing strong evidence for the emergence of the present study suggests that human migration between cities is an important factor in the 4 2 7
spread of pyrimethamine resistance in Punjab. The S58R (AGA)/S117N (AAC) and S117N 1 4 populations examined (Fig. 2) . It is notable that the HR5 resistance haplotype of the S58R 4 3 1 (AGA)/S117N (AAC) mutation predominates in eleven different populations sampled from 4 3 2 five cities of Punjab and the other two resistance haplotypes (HR18 and HR 7) of S117N 4 3 3
(AAC) mutation were present in three and six different populations respectively, sampled from 4 3 4
five cities of Punjab (Fig. 3) . It is likely that human travelling has contributed to the spread of 4 3 5 these resistance haplotypes in the Punjab province from a single origin. Interestingly in the 4 3 6
case of the I173L (CTT) mutation, our analysis suggests that it arose rarely from a single origin 4 3 7 (Fig. 2) . The mutation was present on a single haplotype in two P. vivax populations within the 4 3 8 city of Lahore (Fig. 3) , supporting the hypothesis that it will spread in future, if control 4 3 9
measures are not implemented. 
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Understanding of the emergence and the spread of pyrimethamine resistance mutations in P.
3
vivax is relevant to the implementation of sustainable parasite control strategies. Our models 4 4 4
suggests that once the resistance has been established, gene flow plays a key role in its spread. 
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